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Tidal and Wind-Driven Circulation through Lignum Vitae Basin,
Florida Bay
PATRICK

A.

PITTS

Current meter time series collected between1995 and 2001 are used to describe
the exchanges of water through five tidal chrumels that connect Lignum Vitae
Basin, a large subbasin in eastern Florida Bay, with adjacent subbasins and Atlantic
shelf waters. Current data were combined with measured or simulated water levels, and channel geometry measurements were incorporated, to quantify volume
transport through the channels. Results indicate a long-term inflow to Lignum
Vitae Basin from the northwest through Gopher Keys Cut at an average rate of
+ 11.9 m 3 s- 1 during a 13-mo study period and from the west tlu·ough South Twin
Keys Cut at +9.6 m 3 s- 1 during a 7-mo study period. A quasi-steady long-term
outflow was observed to the east through Steamboat Chrumel, to the southeast
through Indian Key Channel, ru1d to the southwest through Bowlegs Cut. Outflow
rates averaged -7.1, -25.8, and -6.5 m 3 s- 1 , respectively, through tl1ese three
channels. Interactions between tidal water-level fluctuations and ebbs or floods
resulted in a tide-induced outflow from Lignum Vitae Basin through Gopher Keys
and South Twin Keys cuts at rates of -0.06 and -0.09 m 3 s-1, respectively. Tidal
residual inflows of +5.8, +0.11, and +0.04 m 3 s- 1 were calculated for Indian Key
Channel, Steamboat Channel, and Bowlegs Cut, respectively. Comparisons of local winds with chrumel transport indicate that winds from any direction will force
water through every channel except Steamboat Channel over most time scales
greater than about 2 d. Flow through Steamboat Channel was coherent only with
winds out of the northeast quadrant over time scales greater than about 1 d. Longterm flow was generally upwind through all channels except Bowlegs Cut.

thin the past decade a number of studies
have documented the circulation ofwater in and around Florida Bay (Smith, 1994,
1998, 2000; Pitts, 1998; Wang, 1998). The stimulus for this work arose from concerns about
reduced water quality in the bay, which may
have contributed to the occurrence of widespread algae blooms and sponge mortality
(Butler et al., 1995), seagrass dieoffs (Robblee
et al., 1991; Thayer et al., 1994; Tomasko and
Lapointe, 1994), and a decline in recreational
gamefish populations (Tilmant, 1989). To determine where environmental stressors, like
nutrients and suspended sediments, may be
originating or transported, resource n1anagers
require information on flow patterns in and
around the bay.
Most studies involving Florida Bay's circulation have examined the flow across the bay's
western, southern, and eastern 1nargins.
Smith's (2000) work along the western boundary of the bay-taken to be the 81 °05'vV meridian-revealed a net movement of water into
the bay across the northern and central sections of the boundary, whereas an outflow was
observed across the southern section. Other
studies by Smith (1994, 1998) have described
the tidal and long-term net flow through vir-

W

tually all of the major tidal channels between
Keys that connect the bay with Atlantic shelf
waters. With few exceptions, results showed a
net movement of water out of Florida Bay and
into the Atlantic. Only Snake Creek and vVhale
Harbor Channel, both relatively small channels
in the Upper Keys, have shown a quasi-steady
inflow to the bay.
Investigations of circulation in the interior
of the bay include drifter and current meter
studies. Wang (1998) tracked drogues moving
northwest to southeast across the more open
waters of western and southern Florida Bay.
The time required to move through the bay
was on the order of 5-10 d, depending on
wind conditions at the time. Flow within the
central and northern regions of the bay is very
complex because of the topographic constraints imposed by shallow mud banks and
1nangrove islands. However, most current lneter records frmn numerous channels connecting interior subbasins show a surprising degree
of directional persistence, and most indicate
an outflow from the interior (Pitts and Smith,
1995; Smith, unpubl. data). Pitts (1998) combined 14-mo current meter and water-level records to document the long-tenn volume transport through Jewfish Creek, the main channel
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Fig. 1. Map showing study area. Arrows labeled GK, STK, BC, IK, and SC identity Gopher Keys Cut,
South Twin Keys Cut, Bowlegs Cut, Indian Key Channel, and Steamboat Channel, respectively. Unbounded
stippling indicates water depths of 0.5 m or less; hatching indicates shallow mud banks that may be exposed
at low tide. The dot labeled MR on the inset map shows the location of the C-MAN station at Molasses Reef.

connecting Blackwater Sound in northeastern
Florida Bay with Barnes Sound, a southern extension of Biscayne Bay. Results indicated welldefined seasonal fluctuations in flow through
Jewfish Creek that were in response to seasonally changing wind stress. Water exits northeastern Florida Bay through this channel during late spring and summer and then enters
from Barnes Sound the remainder of the year.
The purpose of this paper is to describe the
flow of water into and out of Lignum Vitae Basin, a relatively large subbasin (87 km 2 ) on the
eastern side of Florida Bay (Fig. 1). The primary o~jectives of the paper are to quantify
tidal, low-frequency, and long-term volume
transport through five primary channels that
connect this subbasin with adjacent subbasins
and Atlantic shelf waters. Local meteorological
data are used to determine the role of wind
forcing in driving exchanges between the subbasin and surrounding waters through these
channels. Results contribute to our understanding of Florida Bay circulation and add to
the database needed to validate model simulations.
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DATA AND METHODS

Current measurements were made in midchannel, at or just below middepth, in Gopher
Keys Cut, South Twin Keys Cut, Steamboat
Channel, Bowlegs Cut, and Indian Key Channel (Fig. 1). Water depths at the study sites averaged 5 m for Indian Key Channel, 3 m in
Gopher Keys and South Twin Keys cuts, and
approximately 2 m in the other 1:\vo channels.
Current speeds and directions were recorded
in Bowlegs Cut and Steamboat Channel using
a SeaPac Model 2000 electromagnetic current
meter (accurate to <2 em s- 1 or 2% of signal
strength and ±0.5°). General Oceanics Model
6011 inclinometers (accurate to ±1 em s- 1 and
±2°) were used in the other three channels.
Record lengths differ for each channel and
range from 46 to 375 d. Data were recorded
between July 1995 and June 2001.
Current vectors were decomposed into
along- and across-channel components, but
only the along-channel components were retained for analysis. Along-channel current
components were defined as the headings at
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which the 1nean across-channel current component was minimal, while maintaining ebb
and flood directions 180° apart. In this paper
the along-channel flow into Lignum Vitae Basin through any channel is positive.
Because calculations of volume transport require information on the rise and fall in water
level, bottmn pressures were recorded hourly
using a SeaData TDR-3 (±1.2-cm accuracy) in
Indian Key Channel and Brancker TG-205s
(±2.1-cm accuracy) in Gopher Keys and South
Twin Keys cuts. Pressure data for Indian Key
Channel were limited to a fraction of the current meter time series and were not available
for the other two channels.
Volume transport calculations were made using the method described by Sn'lith (1998). Indian Key Channel, by far the largest of the five,
was subdivided into four equal segments. Volume transport was calculated for each segment
and then summed to get the total for the entire channel. Lateral variations in surface current speed in Indian Key Channel were quantified using surface measurements obtained
from a miclchannel reference site and two sites
on either side of the miclchannel under both
ebb and flood. Surface currents for each station were defined as a fraction of the midchannel value, and it was assumed that the surface
current speed at any station remained a constant fraction of the miclchannel speed
throughout the ebb or flood phase of the tidal
cycle. In the other four channels lateral variations in current speed were assmnecl to be parabolic, with the parabola defined by lateral variations in surface currents observed in a Flm~
ida Bay channel with similar geometric dimensions (Pitts, 1998). The vertical profile of
along-channel current speed was assumed to
be logarithmic (Smith, 1994). Depth measurements indicated relatively uniform bottoms for
all channels except Indian Key Channel. \Vater
depths used in the calculations were obtained
by integrating closely spaced depth soundings
with measured water levels (Gopher Keys and
South Twin Keys cuts only) or predicted
(Schureman, 1958) water-level variations addeel to the mean channel depth.
Harmonic constants of the principal diurnal
and semidiurnal tidal constituents (M 2 , S2 , N 2 ,
K1 , and 0 1 ) for the current meter, bottom
pressure, and volume transport data were
quantified using either of two methods depending on the length of the time series. For
those time series longer than 6 mo, which include all data from Gopher Keys and South
Twin Keys cuts and the current and volume
transport time series from Indian Key Channel,
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harmonic constants were quantified using the
least squares harmonic analysis approach
(Schureman, 1958). Amplitudes and phase angles for time series less than 6-mo in length
were calculated using a 29-d harmonic analysis
program (Dennis and Long, 1971). Because
most records were substantially longer than 29
d, several overlapping 29-d segments were
used, and hannonic constants were vector averaged to obtain values more representative of
the entire time series. Water-level tidal constituents for Bowlegs Cut and Steamboat Channel
were obtained by interpolating contour plots
of amplitudes and phase angles from Smith's
(1997) study of Florida Bay tides.
Transport through all channels by tidal forcing alone was quantified by calculating volume
transport using predicted ebbs and floods with
the predicted tidal rise and fall in water level
based on the five principal tidal constituents
(Schureman, 1958). The total volume ofwater
carried through the channel over each halftidal cycle by a given tidal constituent was
quantified by:

T= AP
'TT

1\lhere A and P are the amplitude and period
of the tidal constituent, respectively.
The validity of using predicted water levels
in the volume transport calculations was tested
by comparing the calculations made using the
bottom pressures recorded in Gopher Keys Cut
with those made using predicted values for the
same time period. A linear regression of the
two transport time series using the entire 375d records indicated a high degree of similarity
(r = 0.999), and the endpoint of the accumulated transport time series using predicted water levels was only 0.03% less than the that of
the accumulated time series using measured
water levels. The standard error of the estimate
(Hoe!, 1976) was determined to be 0.18 m 3 s- 1 .
The validity of calculating volume transport
for Bowlegs Cut and Steamboat Channel using
predicted water levels generated from interpolated harmonic constants was also tested.
Comparisons were made between transport
calculations using predictions generated from
artificially high or low amplitudes ( ±25% of
the interpolated values) and phase angles
(±15° from the interpolated values) for each
constituent and those using the "best" interpolated values. Calculations for Bowlegs Cut
indicate a reduction in accumulated transport
of only 1% when amplitudes were 25% greater
and phase angles lagged 15° behind the interpolated values; accumulated transport is in-
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creased to a maximum of only 0.7% when conditions are reversed. For Steamboat Channel,
the maximum deviations of accumulated transport were -0.4% when amplitudes were increased by 25% and phase angles decreased
15°, and +0.3% under the opposite conditions.
Additional details on volume transport calculations can be found in Sn1ith ( 1998).
To characterize the long-term net movement
of water through the channels, the instantaneous volume transport values (in m 3 s- 1 ) were
multiplied by the 1-hr time interval they represent and then summed and plotted as cumulative net transport. Low-frequency, nontidal fluctuations in transport were determined by
passing the hourly transport time series
through a 40-hr low-pass filter that has a halfpower point at approximately 37 hr (Bloomfield, 1976) and plotting the output.
Meteorological data recorded at NOAA's CMAN station on Molasses Reef (25°0.60'N
80°22.80'W) were obtained through the National Data Buoy Center to investigate the relationship between wind stress and flow
through the channels. Wind speeds, wind directions, air pressures, and air temperatures
were recorded at accuracies of ±1 m s-1, ±10°,
±1 hPa, and ±1 C, respectively. All study sites
are within 30-37 km southwest of the Molasses
Reef C-MAN station (Fig. 1).
Wind speed and direction pairs were converted to wind stress vectors using the algorithm described by Wu (1980) for moderate
wind speeds (1-20 m s- 1 ). Air pressures and
air temperatures were used to quantifY air density and were incorporated into the wind stress
calculations. To describe seasonal variations in
the local wind field, houdy wind stress vectors
calculated from calendar year 1995 data were
plotted head-to-tail as a progressive vector diagram. Spectral analysis (Little and Shure,
1988) was used to quanti£}' the energy density,
coherence, phase, and transfer function (gain)
for wind stress and flow through the channels.
To determine the wind stress components and
periodicities for which channel flow was most
responsive, coherence spectra were calculated
at 15° intervals. Wind stress and volume transport components were low-pass filtered to isolate the low-frequency variations in transport
associated with wind forcing, and filtered components were subsampled to improve temporal
resolution over the longer time scales. Because
of the abbreviated record from Steamboat
Channel, no filtering or subsampling was performed on this time series before analysis. For
all channels except Steamboat Channel, flow
through the channel was significantly coherent
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Fig. 2. Cumulative volume transport (a) and lowpass filtered along-channel transport (b) through
Gopher Keys Cut from 17 July 1997 to 27 July 1998.
Positive values indicate flow into Lignum Vitae Basin
from the northwest.

(Panofsky and Brier, 1958) with a broad range
of wind stress components. To quantifY those
wind stress components most effective in moving water through the channels, transfer function magnitudes were contour plotted on aperiodicity-wind stress component grid.
RESULTS

11olume transj;ort through channels.-The cumulative net volume transport through Gopher
Keys Cut fromJuly 17, 1998 to July 27, 1998 is
shown in Figure 2a. An ascending curve indicates flow into Lignum Vitae Basin (toward
103°). The plot shows a long-term inflow that
averaged 8.3 m 3 s- 1 during the 375-d study period (see Table 1 for comparisons with other
channels). The plot also shows low-frequency
reversals of inflow that lasted for several days
to about a week. Significant reversals occurred
during the fall, winter, and early spring
months.
The low-pass filtered volume transport rates
(Fig. 2b) were positive through most of the
study period, accounting for the long-term inflow indicated by the cumulative transport
plot. The magnitude of non tidal transport exhibited a very distinct seasonal pallern. Lowfrequency fluctuations generaiiy ranged between -5 and + 15 m 3 s- 1 during the late
spring and summer months. Fluctuations increased during the fall and early spring and
ranged between -10 and +25m 3 s- 1 . Non tidal
fluctuations were highest during the winter
months and generaiiy ranged between -30
and +60 m 3 s- 1 . The standard deviation of the
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TABLE 1. Channel geometry and flow calculations for the five study channels. The last three columns show
mean volume transport (Transp.), residual tidal transport (Resicl.), and the percent of the total variance in
along-channel volume transport caused by the tides (Tiel. Var.).

Channe1

Gopher Keys Cut
South Twin Keys Cut
Bowlegs Cut
Steamboat Channel
Indian Key Channel

\Vidth

Area

Speed

(m)

(m')

(em s- 1 )

(m:l s-1)

(m 3 s- 1 )

Tid.
Var.
(%)

34.6
27.0
56.4
51.8
100.0

76.4
72.1
81.5
76.2
528

+12.0
+14.2
-8.5
-9.8
-7.0

+8.3
+9.6
-5.9
-6.5
-25.8

-0.06
-0.09
+0.11
+0.04
+5.82

69
67
69
74
88

Study period

17 July 1997 to 27 July 1998
29 Nov. 2000 to 27 June 2001
27 Jan. to 10 June 1998
11 June to 27 July 1998
26 Oct. 1995 to 19 June 1996

filtered along-channel transport for the entire
study period was 13.5 m 3 s- 1 .
Although not visible in the plots, tidal exchanges through Gopher Keys Cut were significant, accounting for nearly 70% of the total
variance in volume transport through the
channel. The amplitude of the dominant tidal
constituent, the M 2 semidiurnal constituent,
was 31.3 m 3 s- 1 , which translates into a total
volume transport of about 446 X 10 3 m 3 over
any half M 2 tidal cycle. Amplitudes, phase angles, and half-tidal cycle transport volumes for
the principal tidal constituents appear in Table
2. The interaction of the tidal rise and fall in
water level with ebbs and floods through Gopher Keys Cut, using the five principal tidal
constituents, resulted in a residual transport
out of Lignum Vitae Basin that averaged -0.06
m 3 s- 1 • This translates into a volume of 854m3
exiting the basin on a given M 2 tidal cycle or
about 0.2% of the total volume exchanged
over that cycle.

Transp.

Resid.

Results from South Twin Keys Cut showed a
similar long-term pattern (Fig. 3a). The plot of
cumulative volume transport indicates a longterm flow into Lignum Vitae Basin that averaged 9.6 m 3 s- 1 from 29 Nov. 2000 to 27 June
2001. In addition to several short-lived reversals in long-term inflow, the plot shows two extended reversals. One of these occurred during the last 2 wk of Feb., whereas the other
occurred from mid-April to mid-May. Low-frequency transport through this channel generally ranged between -20 and +50m 3 s- 1 (Fig.
3b). Like the flow through Gopher Keys Cut,
nontidal transport fluctuations in South Twin
Keys Cut were highest during the winter
months. Seventy-four percent of the low-pass
filtered transport values fall on the positive
side of the plot through the 7-mo study period,
accounting for the observed long-term inflow.
The standard deviation of the filtered data was
18.0 m 3 s- 1 . The residual tidal transport was
toward the northwest or out of Lignum Vitae

TABLE 2. Harmonic constants of the principal tidal constituents for volume transport observed in each
study channel: amplitudes ('l]) for volume transport (m 3 s- 1 ); local phase angles (1<) (cleg.); and tidal transport (A.) (10 3 m 3 ), which gives the volume of water passing through the cross section at the study site during
each half of the tidal cycle. Tidal transport through Indian Key Channel is in 106 m 3 •
Channel

Gopher Keys Cut

'll
I(

A.
South Twin Keys Cut

'll
I(

A.
Bowlegs Cut

'll
I(

A.
Steamboat Channel

'll
I(

A.
Indian Key Channel

'll
I(

A.

Published by The Aquila Digital Community, 2002

.M2
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N,

KI

01

31.3
118
446
38.8
116
553
23.1
217
328
12.9
255
184
220
220
11.3

5.8
155
79.8
8.8
163
121
4.3
241
59.2
1.0
240
13.8
37.8
250
1.87

5.0
088
72.6
7.3
093
106
4.3
209
62.4
2.2
237
31.9
43.0
203
2.25

8.8
104
241
10.3
100
283
8.5
302
233
1.3
305
35.7
42.7
229
4.22

9.4
100
278
10.7
106
317
6.5
283
192
2.4
291
71.0
43.4
223
4.62

5

Gulf of Mexico Science, Vol. 20 [2002], No. 1, Art. 8
80

GULF OF MEXICO SCIENCE, 2002, VOL. 20(1)
200

EE
""'

=>•

OQ

150

~15
.!l!o_

100

>c:
Q):.:::
Ec:
""'

""'

J~~_//

EE
""'

-BQ

>c:
Q)O
,;::t::

:lii&

60
(al

0~

0

E<=
""'

""'

0~

:~~

-30

~-~

-40
-60
-60
-70

29

27

24

21

21

18

16

13

27

10

NOV

DEC

JAN

FEB

MAR

APR

MAY

JUN

JAN

FEB

:~~k}t~~~=v
~

~

~

~

DEC

JAN

FEB

MAR

m

APR

w

MAY

Basin (see Tables 1 and 2 for tidal transport
values).
Data from the remaining three channels
show a long-term outflow from Lignum Vitae
Basin and a residual tidal transport into the
subbasin (Table 1). Long-term outflow
through Bowlegs Cut averaged -5.9 m 3 s- 1
from 27 Jan. to 10 June 1998 (Fig. 4a). Reversals in outflow occurred throughout the record. The low-pass filtered time series (Fig. 4b)
indicates fluctuations on the order of ±25 m 3
s- 1 during the midwinter months. These variations decreased to around ±15m3 s- 1 during
the late winter and spring time period. The
standard deviation of low-frequency, nontidal
currents was 8.4 m 3 s- 1 . Values in Figure 4b
were negative through most of the study period, reflecting the long-term outflow observed
in Figure 4a. Tables 1 and 2 give the values of
tidal transport through Bowlegs Cut.
Figure 5a shows the cumulative volume
transport through Steamboat Channel from 11
June to 27 July 1998. ~Water exited Lignum Vitae Basin at an average rate of -6.5 m 3 s- 1
through this channel during the 46-d study period. The plot shows relatively little variation
in long-term flow, which is consistent with flow
characteristics of the other channels during
the early summer season. Tidal oscillations in
transport are easily visible in this relatively
short time series. The low-pass filtered plot of
transport through the channel (Fig. 5b) shows
that the values fall alnwst exclusively on the
negative side of the plot over the study period.
Low-frequency flow generally ranged between
-12 and-2m 3 s- 1 . The standard deviation in
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low-frequency transport was 3.5 m 3 s- 1 . Harmonic analysis indicates that although tidal
forcing dominated the instantaneous flow
through this channel, tidal transport through
Steamboat Channel was significantly weaker
than through the other channels (Tables 1 and
2).
Figure 6a shows a long-term outflow from
the subbasin and into the Atlantic through Indian Key Channel that averaged -25.8 m 3 s- 1
from 26 Oct. 1995 to 19 June 1996. There appears to be a seasonal signal in the outflow,
with stronger rates during the winter months
and weaker rates during late fall and spring.
Note the 6-wk time period in midspring when
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there was very little net movement through the
channel. Low-frequency fluctuations generally
ranged between -100 and +50m 3 s- 1 over this
237-d study period. The standard deviation of
the low-pass filtered transport time series was
43m 3 s- 1 . Tidal forcing in Indian Key Channel
accounted for 88% of the total variance in volume transport-the largest fraction of any of
the study channels-which is not surprising
given its direct connection with the Atlantic.
Together with its larger cross-sectional area,
this increased tidal forcing resulted in tidal
constituent transport values that were an order
of magnitude larger than for the other channels (Table 2). The tide-induced residual transport through Indian Key Channel was approximately two orders of magnitude larger than
that of the other channels (Table 1).
To put the volumes exchanged through
these channels in perspective, comparisons can
be made with the total volume of water in Lignum Vitae Basin (approximately 152.6 X 10 6
m 3 ). For example, Indian Key Channel, by far
the largest of the five study channels, exchanged approximately 2% of the volume of
the subbasin over every M 2 tidal cycle. Using
the mean outflow rate of -25.8 m: 1 s- 1 for Indian Key Channel, the time required to cornpletely drain Lignum Vitae Basin would be 68
d, whereas the residual tidal transport alone
(+5.8 m 3 s- 1 ) would require 305 d to completely replace the volume of the basin. By
comparison, South Twin Keys Cut is the smallest of the study channels, and less than 0.4%
of the subbasin's water was exchanged through
this channel over an M 2 tidal cycle. The mean
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long-term inflow of 9.6 m 3 s- 1 through this
channel would require 184 d to fill the subbasin, and the tidal residual export of water at
a rate of -0.09 m 3 s- 1 would require nearly 54
yr to drain the subbasin.

Wind Jorcing.-Prevailing winds in this region
are primarily from the eastern quadrant
throughout the year (National Data Buoy Center, unpubl. data). During the fall and winter
months there is a n1ore southerly c01nponent,
and during late spring and summer there is a
more northerly component. Figure 7 provides
an example of the annual wind pattern observed at Molasses Reef. The progressive vector
diagram, constructed from data recorded from
1 Jan. through 31 Dec. 1995, shows large variations in wind direction from the beginning of
January through March. The resultant wind direction was from the northeast during this
time. Clockwise loops reflect cold fronts moving through the region. From early April
through mid-Oct. the resultant wind stress was
from the southeast. The characteristic fall shift
in wind direction occurred in mid-Oct. of
1995, and for the remainder of the year the
resultant wind stress was from the northeast.
vVith the exception of Steamboat Channel,
spectral analysis indicates that transport
through the channels was highly coherent with
all 12 wind stress components over almost all
time scales greater than about 1.5 d. Contour
plots of gain values (Fig. 8) show which wind
stress components were the most effective for
forcing water through the channels. The top
two plots show that the flow through Gopher
Keys and South Twin Keys cuts responded to
wind stress in a similar fashion. Note that the
shorter record from South Twin Keys Cut resulted in poorer spectral resolution. Positive
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Fig. 8. Contour plots of the volume (in m 3 s- 1) transported through Gopher Keys Cut (a), South Twin
Keys Cut (b), Bowlegs Cut (c), and Indian Key Channel (d) in response to a 1-dyne cm- 2 wind stress. Each
tick mark on the x-axis is labeled with two compass points that are 180° apart, signifying wind stress frmn
either direction. Explanations of how to interpret the positive and negative gain values appear in the text.

values indicate flow into Lignum Vitae Basin
through the channels when winds were from
the WSW to NNv\T or out of the subbasin when
winds were from the opposite directions. The
plots indicate that winds from the south, ESE,
and SSE were most effective for forcing water
out of Lignum Vitae Basin through these two
channels. For example, wind stress from the
SSE reaching 1 dyne cm- 2 will force as much
as 32 m 3 of water per second out of the subbasin through South Twin Keys Cut over the
51-hr periodicity. Negative values indicate flow
into the subbasin when winds were from the
north or NNE; winds from the opposite directions forced an outflow fi·om the subbasin. For
example, a maximum of 27 m 3 s- 1 was forced
into the basin through Gopher Keys Cut by a
1-dyne cm- 2 wind stress from the north at the
57-hr periodicity.
Flow through Bowlegs Cut in response to the
wind is shown in Figure 7c. Again, the shorter
record from this channel resulted in poorer
spectral resolution. Also, the lower right third
of the plot is devoid of contour lines, indicat-
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ing that coherence was not statistically significant for the ESE-vVNW and SSE-NNW wind
stress components over the 37-64 hr periodicities. Positive values indicate an outflow from
the Lignum Vitae Basin for winds from the
northeast quadrant. Negative values indicate
an outflow when winds were from the NNW.
The plot shows that transport through this
channel was the most responsive to wind stress
from the NNE and ENE over time scales ranging from 51 to 85 hr (2-4 d). A maximum outflow from Lignum Vitae Basin of nearly 19m3
s- 1 occurred through Bowlegs Cut in response
to a 1-dyne cm- 2 wind stress from the NNE at
lhe 85-h periodicity.
Figure 7d shows the flow response in Indian
Key Channel to wind stress. In this plot positive
values indicate an outflow from the Lignum Vitae Basin when winds were from the north
(over all time scales) or NNE (at periodicities
of 39-43 hr) and an inflow when winds were
from the south or SSE. Negative values indicate
an inflow for all wind direction components
from NNE to south (moving clockwise); winds
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from the opposite directions forced an outflow. The plot indicates that, with the exception of wind directly from the north, all wind
directions out of the northeast or southeast
quadrants forced water into Lignum Vitae Basin through this channel. Regions of strongest
wind stress response include the ENE-WSW
and east-west con1ponents acting over periodicities of 85-256 hr (3.5-10 d) and the ESEvVNW and SSE-NNW components over time
scales of 37-43 and 57-85 hr, respectively. A
maximum inflow or outflow of 67 m 3 s- 1 occurred for the ESE-VVNW wind stress component over the 39-hr periodicity.
Spectral analysis results (not shown) indicate
that flow through Steamboat Channel was significantly coherent only with winds out of the
northeast quadrant over time scales between
43 and 128 hr. Phase and transfer function values indicate that flow through the channel was
upwind. Highest coherence (0.639, significant
above the 99.9% confidence level) occurred
for the NNE-SSW wind stress component at a
periodicity of 64 hr, which indicates that 64%
of the total variance in along-channel volume
transport through the channel can be attributed to this component of wind stress. The gain
indicates that a peak of nearly 20 m 3 s- 1 of
water was forced out of Lignum Vitae Basin
through Steamboat Channel by a 1-dyne cm- 2
wind stress from the NNE acting over a periodicity of 64 hr.
DISCUSSION

Results fi-om the five study channels suggest
that the circulation characteristics of Lignum
Vitae Basin can be described as a roughly westto-east flow-through system. Long-term volume
transport patterns show a quasi-steady inflow to
the subbasin from the northwest and west
through Gopher Keys and South Twin Keys
cuts, and an outflow to the southwest, southeast, and east through Bowlegs Cut, Indian Key
Channel, and Steamboat Channel, respectively.
This gulf-to-Atlantic flow pattern is similar to
Florida Bay circulation as a whole, as documented by Smith ( 1994, 1998, 2000) and others (Lee et al., 1996; Wang, 1998).
The significance of the observed long-term
pattern stems from environmental problems in
Florida Bay and in the waters surrounding the
Florida Keys. Some studies suggest that seagrass dieoffs observed in the interior of the bay
may be related to an increase in anthropogenic nutrients flowing into the bay from the watershed (Lapointe, 1989; Tomasko and Lapointe, 1994). Other studies have linked Florida
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Bay seagrass mortality to infection by the marine slime mold Labyrinthula sp. (Robblee et
al., 1991; Durako and Kuss, 1994). The data
presented here indicate that Florida Bay water,
along with whatever may be dissolved or suspended in it, is being transported to the eastern side of the bay and into Atlantic shelf waters where large seagrass meadows occur and
where the continental United States' largest
coral reef system is found. Thus, the observed
outflow from the bay may introduce both nutrients and disease to the Atlantic side of the
Keys. Some studies have already shown that
Florida's coral reefs may be suffering from eutrophication processes caused by an increase in
nutrient concentrations in waters surrounding
the reefs (Lapointe and Clark, 1992; Lapointe
and Matzie, 1996).
As has been observed in other tidal channel
work in Florida Bay and the Florida Keys (Pitts
and Smith, 1995; Pitts, 1998; Smith, 2002b), results from this study indicate that low-frequency non tidal transport is closely coupled with local wind stress. Depending on the time scale
and channel of interest, the response of flow
through the channels to wind stress, as quantified by spectral analysis, may or may not be
easily explained. On the one hand, low-frequency flow over time scales of 1.5 d to 3 wk
through all channels except Steamboat Channel is highly coherent with, and generally in
the same direction as, wind stress. Winds from
the northeastern, eastern, and southeastern
sectors will set up shelf waters on the Atlantic
side of the Keys, as well as on the western side
of Lignum Vitae Basin, which forces water into
the subbasin through Indian Key Channel and
out of the subbasin through Gopher Keys,
South Twin Keys, and Bowlegs cuts. Winds
from the opposite directions reverse these setups and the corresponding flow through the
channels.
On the other hand, the long-term flow
through four of the five channels is toward the
east or southeast-against the prevailing winds.
Unpublished data from the National Data
Buoy Center indicate that the prevailing winds
in this region are from the northeast during
the fall and winter months and from the east
or southeast during the remainder of the year.
Thus, prevailing winds should generally force
water into Lignum Vitae Basin through Indian
Key Channel most of the year, and they should
force water out of the subbasin through Gopher Keys Cut and South Twin Keys Cut for
most of the year. Although spectral analysis indicates that this is in fact tl1e response through
these channels over time scales of 1.5 d to 3
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wk, the long-term flow is upwind. Also, it is unclear frmn this study what is driving the lowfrequency (1.5- to 5-d periodicities) and longterm upwind flow through Stean1boat Channel.
Smith (1994, 1998, 2002b) reported an upwind bay-to-Atlantic long-term flow through
tidal channels between the Keys, and he as well
as others (Wang et al., 1994) have suggested
that residual tidal motions may be the cause.
Tidal waves entering Florida Bay from the Gulf
of Mexico set up water levels in the eastern and
southeastern parts of the bay, which drives the
observed bay-to-Atlantic flow. Another mechanism for forcing the long-term west-to-east flow
in this area is the difference in mean sea level
between the Gulf of Mexico and the adjacent
waters of the Florida Straits. Chew ( 1982) documented a decrease of 8-9 nn in mean sea
level between Key West and Miami, and Hetland et al. (1999) reported sea-level height differences of 10-30 em between the southwest
Florida shelf and shelf waters on the Atlantic
side of the Keys. A more recent study by Lee
and Smith (2002) indicates that sea level in
western Florida Bay is about 6 em higher than
at Smnbrero Reef, which is responsible for the
long-term outflow observed through Long Key
Channel, the main tidal channel connecting
bay and shelf waters in the Middle Keys. The
slope that drives the bay-to-Atlantic flow
through Long Key Channel could also explain
the west-to-east flow observed through Lignum
Vitae Basin.
Considering its close proximity to the Atlantic, it was not surprising to find that tidal processes play an important role in driving water
through the channels linking Lignum Vitae Basin with the surrounding waters. Tidal co-oscillations account for between 67 and 88% of the
total variance in the observed volume transport through the channels. Although the rise
and fall in water levels and the ebb and flood
of currents through the channels interact to
produce a residual tidal pumping into the subbasin through three of the five channels, this
residual volume was only 0.5-1.3% of the volume moving through the channels by the M 2
constituent over any half tidal cycle. However,
this residual tidal pmnping represents a consistent and predictable source of water for Lignum Vitae Basin.
This study indicates that very long current
meter time series (at least 6-8 mo in length)
are desirable for providing the best indication
of long-term mean conditions, and that shorter
records, such as those obtained from Steamboat Channel and Bowlegs Cut, may inade-
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quately represent long-term flow conditions.
For example, both the 7-wk record from
Steamboat Channel and the 34-wk time series
from Indian Key Channel show an outflow
from Lignum Vitae Basin. However, if one
were to examine the transport through Indian
Key Channel only during the 7-wk time period
from mid-April to late May, one would see a
slight inflow to the subbasin.
Volume transport values calculated for Indian Key Channel compare favorably with those
found in an earlier study (Smith, 1998). A
n1ean volume transport of -30.3 m 3 s- 1 over
an 84-d study period is about 17% more than
the 25.8-m 3 s- 1 mean transport value calculated in this study. The difference may be the result of the 6-wk time period in midspring of
1996 (this study) when there was little net
movement of water through the channel,
which significantly lowered the 8-mo mean.
The 220-m 3 s- 1 amplitude of the M 2 tidal constituent and the tide-induced residual transport into Florida Bay of 5.8 m 3 s- 1 calculated
for the present study are nearly identical to the
earlier values. Also, it is noteworthy that the
long-term transport through Teatable Channel, a smaller tidal channel located 1.5 km
northeast of and parallel to Indian Key Channel, is out of Lignum Vitae Basin and into the
Atlantic (Smith, 2002a).
Results from this study indicate that flow
into and out of Lignum Vitae Basin, just one
of Florida Bay's 26 subbasins, is quite complex,
suggesting that the general circulation of the
entire bay is very complex. Tidal forcing appears to play a dominant role in driving exchanges through the channels, accounting for
67-88% of the total variance in transport. The
close proximity of Lignum Vitae Basin to the
Atlantic undoubtedly accounts for the relative
importance of tidal exchanges. Tidal forcing
through subbasins in the interior of the bay is
probably much weaker. Residual tidal transport
forces water into Lignum Vitae Basin from the
east, southeast, and southwest, and out of the
subbasin to the west and northwest. 11\Tind
stress was shown to be closely linked with lowfrequency exchanges through the channels.
However, long-term transport was generally in
the opposite direction of the prevailing winds,
suggesting that the local circulation is embedded in a regional circulation that responds
only secondarily to wind forcing.
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